Reliable identification and assignment of cis-regulatory elements in promoter regions is a challenging problem in biology. The sophistication of transcriptional regulation in higher eukaryotes, particularly in metazoans, could be an important factor contributing to their organismal complexity. Here we present an integrated approach where networks of co-expressed genes are combined with gene ontology-derived functional networks to discover clusters of genes that share both similar expression patterns and functions. Regulatory elements are identified in the promoter regions of these gene clusters using a Gibbs sampling algorithm implemented in the A-GLAM software package. Using this approach, we analyze the cell-cycle co-expression network of the yeast Saccharomyces cerevisiae, showing that this approach correctly identifies cis-regulatory elements present in clusters of co-expressed genes.
Introduction
The identification and classification of the entire collection of transcription factor-binding sites (TFBSs) are among the greatest challenges in systems biology. Recently, large-scale efforts involving genome mapping and identification of TFBS in lower eukaryotes, such as the yeast Saccharomyces cerevisiae, have been successful (1) . On the other hand, similar efforts in vertebrates have proven difficult due to the presence of repetitive elements and an increased regulatory complexity (2) (3) (4) . The accurate prediction and identification of regulatory elements in higher eukaryotes remains a challenge for computational biology, despite recent progress in the development of algorithms for this purpose (5) . Typically, computational methods for identifying cis-regulatory elements in promoter sequences fall into two classes, enumerative and alignment techniques (6) . We have developed algorithms that use enumerative approaches to identify cis-regulatory elements statistically significantly over-represented in promoter regions (7) . Subsequently, we developed an algorithm that combines both enumeration and alignment techniques to identify statistically significant cis-regulatory elements positionally clustered relative to a specific genomic landmark (8) .
Here, we will present a systems biology framework to study cisregulatory elements in networks of co-expressed genes. This approach includes a network comparison operation, namely the intersection between co-expression and functional networks to reduce complexity and false positives due to co-expression linkage but absence of functional linkage. First, co-expression (9, 10) and functional networks (11, 12) are created using user-selected thresholds. Second, the construction of a single network is obtained from the intersection between co-expression and functional networks (13) . Third, the highly interconnected regions in the intersection network are identified (14) . Fourth, upstream regions of the gene clusters that are linked by both co-expression and function are extracted. Fifth, candidate cis-regulatory elements using A-GLAM (8) present in dense cluster regions of the intersection network are identified. In principle, the calculation of intersections for other types of networks with co-expression and/or functional networks could also be used to identify groups of co-regulated genes of interest (15) that may share cis-regulatory elements. 
Materials

Methods
The size of co-expression networks depends on the number of nodes in the network and the threshold used to define an edge between two nodes. There are a number of distance measures that are often used to compare gene expression profiles (16) .
Here we use the Pearson correlation coefficient (PCC) as a metric to measure the similarity between expression profiles and to construct gene co-expression networks (17, 18) . We establish a link by an edge between two genes, represented by nodes, if the PCC value is higher or equal to 0.7; this is an arbitrary cut-off that can be adjusted depending on the dataset used. The microarray dataset used here is the yeast cell-cycle progression experiment from Cho et al. (9) and Spellman et al. (10) . The semantic similarity method (11) was used to quantitatively assess the functional relationships between S. cerevisiae genes.
The A-GLAM software package uses a Gibbs sampling algorithm to identify functional motifs (such as TFBSs, mRNA splicing control elements, or signals for mRNA 3'-cleavage and polyadenylation) in a set of sequences. Gibbs sampling (or more descriptively, successive substitution sampling) is a respected Markov-chain Monte Carlo procedure for discovering sequence motifs (19) . Briefly, A-GLAM takes a set of sequences as input. The Gibbs sampling step in A-GLAM uses simulated annealing to maximize an 'overall score', a figure of merit corresponding to a Bayesian marginal log-odds score. The overall score is given by
. . 1 denotes a factorial; a j , the pseudocounts for nucleic acid j in each position; a ¼ a 1 þ a 2 þ a 3 þ a 4 , the total pseudo-counts in each position; c ij , the count of nucleic acid j in position i; and c ¼ c i1 þ c i2 þ c i3 þ c i4 , the total number of aligned windows, which is independent of the position i. The rationale behind the overall score s in A-GLAM is explained in detail elsewhere (8) .
To initialize its annealing maximization, A-GLAM places a single window of arbitrary size and position at every sequence, generating a gapless multiple alignment of the windowed subsequences. It then proceeds through a series of iterations; on each iteration step, A-GLAM proposes a set of adjustments to the alignment. The proposal step is either a repositioning step or a resizing step. In a repositioning step, a single sequence is chosen uniformly at random from the alignment; and the set of adjustments include all possible positions in the sequence where the alignment window would fit without overhanging the ends of the sequence. In a resizing step, either the right or the left end of the alignment window is selected; and the set of proposed adjustments includes expanding or contracting the corresponding end of all alignment windows by one position at a time. Each adjustment leads to a different value of the overall score s. Then, A-GLAM accepts one of the adjustments randomly, with probability proportional to exp s=T ð Þ. A-GLAM may even exclude a sequence if doing so would improve alignment quality. The temperature T is gradually lowered to T ¼ 0, with the intent of finding the gapless multiple alignment of the windows maximizing s. The maximization implicitly determines the final window size. The randomness in the algorithm helps it avoid local maxima and find the global maximum of s. Due to the stochastic nature of the procedure, finding the optimum alignment is not guaranteed. Therefore, A-GLAM repeats this procedure ten times from different starting points (ten runs). The idea is that if several of the runs converge to the same best alignment, the user has increased confidence that it is indeed the optimum alignment. The steps (below) corresponding to E-values and post-processing were then carried out with the PSSM corresponding to the best of the ten scores s.
The individual score and its E-value in A-GLAM: The Gibbs sampling step produces an alignment whose overall score s is given by Eq. [1] . Consider a window of length w that is about to be added to A-GLAM's alignment. Let d i j ð Þ equal 1 if the window has nucleic acid j in positioni, and 0 otherwise. The addition of the new window changes the overall score by
The score change corresponds to scoring the new window according to a position-specific scoring matrix (PSSM) that assigns the 'individual score'
to nucleic acid j in positioni. Equation [3] represents a log-odds score for nucleic acid j in position i under an alternative hypothesis with probability c ij þ a j À Á = c þ a ð Þ and a null hypothesis with
The derivation through Eq. [2] confirms the PSSM in Eq. [3] as the natural choice for evaluating individual sequences. The assignment of an E-value to a subsequence with a particular individual score is done as follows: consider the alignment sequence containing the subsequence. Let n be the sequence length, and recall that w is the window size. If DS i denotes the quantity in Eq. [2] if the final letter in the window falls at position i of the alignment sequence, then DS Ã ¼ max DS i : i ¼ w; . . . ; n f g is the maximum individual score over all sequence positions i. We assigned an E-value to the actual value DS Ã ¼ Ds Ã , as follows. Staden's method (21) yields P DS i Ds Ã f g (independent of i) under the null hypothesis of bases chosen independently and randomly from the frequency distribution
gis therefore the expected number of sequence positions with an individual score exceeding Ds Ã . The factor n À w þ 1 in E is essentially a multiple test correction.
More recently, the A-GLAM package has been improved to allow the identification of multiple instances of an element within a target sequence (22) . The optional 'scanning step' after Gibbs sampling produces a PSSM given by Eq. [3] . The new scanning step resembles an iterative PSI-BLAST search based on the PSSM. First, it assigns an 'individual score' to each subsequence of appropriate length within the input sequences using the initial PSSM. Second, it computes an E-value from each individual score to assess the agreement between the corresponding subsequence and the PSSM. Third, it permits subsequences with E-values falling below a threshold to contribute to the underlying PSSM, which is then updated using the Bayesian calculus. A-GLAM iterates its scanning step to convergence, at which point no new subsequences contribute to the PSSM. After convergence, A-GLAM reports predicted regulatory elements within each sequence in the order of increasing E-values; users then have a statistical evaluation of the predicted elements in a convenient presentation. Thus, although the Gibbs sampling step in A-GLAM finds at most one regulatory element per input sequence, the scanning step can now rapidly locate further instances of the element in each sequence. 3. The co-expression network is constructed with all gene pairs with a PCC greater or equal to 0.7 and is formatted according to the simple interaction file (SIF) described in the Cytoscape manual available at http://www.cytoscape.org/ (see Note 3). 2. Functional relationships between S. cerevisiae genes were assessed quantitatively using a semantic similarity method (11) based on the gene ontology (GO). We first computed semantic similarity among GO terms from the Biological Process hierarchy using the Lin metric. This metric is based on information content and defines term-term similarity, i.e., the semantic similarity sim(c i , c j ) between two terms c i and c j as where S(c i ,c j ) represents the set of ancestor terms shared by both c i and c j , 'max' represents the maximum operator, and p(c) is the probability of finding c or any of its descendants in the SGD database. It generates normalized values between 0 and 1. Gene-gene similarity results from the aggregation of term-term similarity values between the annotation terms of these two genes. In practice, given a pair of gene products, g k and g p , with sets of annotations A k and A p comprising m and n terms, respectively, the gene-gene similarity, SIM(g k , g p ), is defined as the highest average (inter-set) similarity between terms from A i and A j :
where sim(c i ,c j ) may be calculated using Eq. [1] . This aggregation method (12) can be understood as a variant of the Dice similarity. 3. The functional similarity network is constructed using semantic similarity greater or equal to 0.7 and is formatted according to the simple interaction file (SIF). 1. The yeast co-expression and functional similarity networks are loaded in Cytoscape and the intersection network can be obtained by using the Graph Merge plug-in, freely available at the Cytoscape Web site. The nodes that are connected by having similar expression profiles and GO annotations are present in the intersection network ( Fig. 1.1 ) (see Note 4). 2. The intersection network can be visualized using a variety of layouts in Cytoscape. A circular layout of the intersection network using the yFiles Layouts plug-in is depicted in Fig. 1.1 .
Identification of Highly Interconnected Regions
1. The identification of dense gene clusters in the intersection network is done using the MCODE Cytoscape plug-in (14) (see Note 5). The clusters identified share similar expression patterns and functions as described by GO ( Fig. 1.2) . 
Identification of cis-Regulatory Elements in Promoter Regions
1. Construct FASTA files for each of the gene clusters identified by MCODE.
Install the A-GLAM package (see Note 7).
3. The A-GLAM package has a number of options that can be used to adjust search parameters (see Note 8) . -g number of iterations to be carried out in the post-processing step (1,000) 4. Run A-GLAM to identify the regulatory elements present in the gene clusters with similar expression patterns and GO annotations (see Note 9). A-GLAM correctly identifies an experimentally characterized element known to regulate core histone genes in yeast (27) . The alignments produced by A-GLAM can be represented by sequence logos (28, 29) and the positional preferences of the elements can be evaluated by plotting the score against relative positions, normalized by sequence length, in the promoter sequences ( Fig. 1.3 ).
4. Notes 4. Two or more networks can be used to calculate their intersection as needed to select for connections that meet certain criteria. The researcher can overlay protein-protein interactions, co-expression and functional networks to identify the protein complexes created under specific experimental conditions. choose n on a case-by-case basis. This parameter also controls the tradeoff between speed and accuracy.
$aglam <myseqs.fa> -i TATA This important option sets the program to run in a ''seed''-oriented mode. The above command restricts the search to sequences that are TATA-like. Unlike the procedure followed in the standard Gibbs sampling algorithm, however, A-GLAM continues to align one exact copy of the ''seed'' in all ''seed sequences''. Therefore, A-GLAM uses the seed sequences to direct its search in the remaining non-seed ''target sequences''. Using this option leads to the global optimum quickly.
$aglam <myseqs.fa> -f <positions.dat>
The above command uses an extra option that allows A-GLAM to take a set of positions from an input file ''positions.dat''. Like with the ''-'' flag, this option provides ''seeds'' for the A-GLAM alignment. Using this command restricts the Gibbs sampling step to aligning the original list of windows specified by the positions in the file. The seed sequences then direct the search in the remaining non-seed sequences. $aglam <myseqs.fa> -l -k 0.05 -g 2000
Usable only with version 1.1. This tells the program to find multiple motif instances in each input sequence, via the scanning step (described above). Those instances that receive an E-value less than 0.05 are included in the PSSM. The search for multiple motifs is carried on until either (a) no new motifs are present or (b) the user-specified number of iterations (in this case, it is 2,000) is attained, whichever comes first.
9. A-GLAM uses sequences in FASTA format as input. Cluster number 2, identified by MCODE, is composed of eight genes linked by 28 co-expression and GO connections. Interestingly, the intergenic regions of the same cluster are shared between the genes in the cluster:
>B:235796-236494, Chr 2 from 235796-236494, between YBL003C and YBL002W  TATATATTAAATTTGCTCTTGTTCTGTACTTTCCTAATTCTTATGTA  AAAAGACAAGAAT  TTATGATACTATTTAATAACAAAAAACTACCTAAGAAAAGCATCATGCAG  TCGAAATTGA  AATCGAAAAGTAAAACTTTAACGGAACATGTTTGAAATTCTAAGAAAGC  ATACATCTTCA  TCCCTTATATATAGAGTTATGTTTGATATTAGTAGTCATGTTGTAATCT  CTGGCCTAAGT  ATACGTAACGAAAATGGTAGCACGTCGCGTTTATGGCCCCCAGGTTAAT  GTGTTCTCTGA  AATTCGCATCACTTTGAGAAATAATGGGAACACCTTACGCGTGAGCTGT  GCCCACCGCTT  CGCCTAATAAAGCGGTGTTCTCAAAATTTCTCCCCGTTTTCAGGATCAC  GAGCGCCATCT AGTTCTGGTAAAATCGCGCTTACAAGAACAAAGAAAAGAAACATCGCGT  AATGCAACAGT  GAGACACTTGCCGTCATATATAAGGTTTTGGATCAGTAACCGTTATTTG  AGCATAACACA  GGTTTTTAAATATATTATTATATATCATGGTATATGTGTAAAATTTTTT  TGCTGACTGGT  TTTGTTTATTTATTTAGCTTTTTAAAAATTTTACTTTCTTCTTGTTAAT  TTTTTCTGATT  GCTCTATACTCAAACCAACAACAACTTACTCTACAACTA  >D:914709-915525, Chr 4 from 914709-915525, between  YDR224C and YDR225W  TGTATGTGTGTATGGTTTATTTGTGGTTTGACTTGTCTATATAGGATAA  ATTTAATATAA  CAATAATCGAAAATGCGGAAAGAGAAACGTCTTTAATAAATCTGACCAT  CTGAGATGATC  AAATCATGTTGTTTATATACATCAAGAAAACAGAGATGCCCCTTTCTTA  CCAATCGTTAC  AAGATAACCAACCAAGGTAGTATTTGCCACTACTAAGGCCAATTCTCTT  GATTTTAAATC  CATCGTTCTCATTTTTTCGCGGAAGAAAGGGTGCAACGCGCGAAAAAGT  GAGAACAGCCT  TCCCTTTCGGGCGACATTGAGCGTCTAACCATAGTTAACGACCCAACCG  CGTTTTCTTCA  AATTTGAACTCGCCGAGCTCACAAATAATTCATTAGCGCTGTTCCAAAA  TTTTCGCCTCA  CTGTGCGAAGCTATTGGAATGGAGTG  TATTTGGTGGCTCAAAAAAAGAGCACAATAGTTA  ACTCGTCGTTGTTGAAGAAACGCCCGTAGAGATATGTGGTTTCTCATGC  TGTTATTTGTT  ATTGCCCACTTTGTTGATTTCAAAATCTTTTCTCACCCCCTTCCCCGTT  CACGAAGCCAG  CCAGTGGATCGTAAATACTAGCAATAAGTCTTGACCTAAAAAATATATA  AATAAGACTCC  TAATCAGCTTGTAGATTTTCTGGTCTTGTTGAACCATCATCTATTTACT  TCCAATCTGTA  CTTCTCTTCTTGATACTACATCATCATACGGATTTGGTTATTTCTCAGT  GAATAAACAAC  TTCAAAACAAACAAATTTCATACATATAAAATATAAA  >N:576052-576727, Chr 14 from 576052-576727, between  YNL031C and YNL030W  TGTGGAGTGTTTGCTTGGATCCTTTAGTAAAAGGGGAAGAACAGTTGGAA  GGGCCAAAGT  GGAAGTCACAAAACAGTGGTCCTATATAAAAGAACAAGAAAAAGATTATT  TATATACAAC  TGCGGTCACAAGAAGCAACGCGAGAGAGCACAACACGCTGTTATCACGCA  AACTATGTTT  TGACACCGAGCCATAGCCGTGATTGTGCGTCACATTGGGCGATAATGAAC  GCTAAATGAC  CAACTCCCATCCGTAGGAGCCCCTTAGGGCGTGCCAATAGTTTCACGCGC  TTAATGCGAA  GTGCTCGGAACGGACAACTGTGGTCGTTTGGCACCGGGAAAGTGGTACTA  GACCGAGAGT  TTCGCATTTGTATGGCAGGACGTTCTGGGAGCTTCGCGTCTCAAGCTTTT  TCGGGCGCGA ! 
